C affeine, 1,3,7-trimethylxanthine, is widely consumed in the form of coffee, tea, and cocoa. Cytochrome P450 1A2 (CYP1A2) is the main enzyme involved in the metabolism of caffeine, accounting for 95% of caffeine clearance. Its primary metabolites are paraxanthine (1,7-dimethylxanthine), theobromine (3,7-dimethylxanthine), and theophylline (1,3-dimethylxanthine), which account for 82%, 11%, and 5% of caffeine metabolites, respectively (1, 2) .
Although the UK Standards Agency has recommended that women of reproductive age maintain their caffeine intake below 200 mg per day (3), many women consume caffeine during pregnancy. In Japan, mean caffeine intake among women aged 30-39 years was 213 mg per day, and 7% of women were found to consume 4400 mg per day (4) . In the United Kingdom, 18% of women of childbearing age consumed caffeine in excess of 300 mg per day (5) . Maternal caffeine intake can directly affect the fetus because caffeine and its metabolites readily cross the placental barrier and the fetoplacental unit to rely on maternal metabolism for caffeine clearance (6, 7) .
Maternal caffeine intake may increase the risk for fetal growth restriction. Significant associations have been found between high caffeine intake during pregnancy and decreased birth weight or increased risk of small-for-gestational-age infants (8) (9) (10) . Several studies, however, failed to replicate these associations (11, 12) . One study found that pregnant women who consume 4200 mg of caffeine per day have an increased risk for spontaneous abortion (SA) independent of pregnancyrelated symptoms such as nausea (13) . A similar result was found in a population-based case-control study of pregnant women, among whom the risk for SA increased in the exposure group consuming 4300 mg of caffeine per day, but in this case the association did not exist after adjusting for nausea (14) . Klonoff-Cohen et al. (15) reported a higher risk for preterm birth with increasing caffeine intake during pregnancy; however, most studies did not find an association between caffeine intake and length of gestation (8, 12) . Recent dose-response metaanalyses examining the association between prenatal caffeine exposure and risk for adverse pregnancy outcomes indicate that greater caffeine intake during pregnancy may be associated with an increased risk for SA, low birth weight, and small-forgestational-age infants, but not with preterm birth (16, 17) .
The inconsistency among these results may be due to different methods for estimation of caffeine intake, retrospective assessment of caffeine intake, or variations in maternal caffeine metabolism. Previous studies have demonstrated the importance of metabolic differences in maternal caffeine intake for fetal development. Of the several known CYP1A2 polymorphisms with associated in vivo functional changes, the C164A polymorphism is of particular interest, as it leads to a slow caffeine metabolizer phenotype (CC/CA) and a fast phenotype (AA) with higher ratios of caffeine metabolites. Maternal caffeine intake of ≥ 100 mg per day is associated with an increased risk for SA as compared with an intake of ≤ 99 mg per day among women with the AA genotype (18) . A significantly increased risk for recurrent pregnancy loss has been found in women with the AA genotype who consume ≥ 300 mg of caffeine per day, as compared with those who consume ≤ 99 mg of caffeine per day (19) . This genotype is also associated with an increased risk for neural tube defects (20) . These results suggest that the risk of maternal caffeine intake during pregnancy having an impact on fetal development is higher among women with fast caffeine metabolism than among those with slow caffeine metabolism. However, the issue of whether this genotype is a modifying factor in the association between caffeine intake during pregnancy and infant birth size has not yet been investigated. To clarify the effects of caffeine on fetal growth, data from a prospective cohort study were analyzed to ascertain whether increased caffeine intake was associated with decreased infant birth size when considering the CYP1A2 C164A polymorphism and controlling for confounding factors such as smoking status. Table 1 , the mean maternal age was 30.7 years, with 266 (55.9%) women having more than a high-school education. One hundred and two (21.4%) women were classified as smokers during pregnancy and 148 (31.1%) women drank alcohol during pregnancy.
RESULTS

As shown in
Maternal and infant characteristics of the study population were then reviewed in relation to the three categories of caffeine intake. Maternal pre-pregnancy body mass index, annual household income, education level, parity, infant gender, infant birth size, and gestational age did not differ significantly between the o100, 100-299, and ≥ 300 mg per day caffeine intake groups. The frequency of CYP1A2 genotypes was also similar for the o100, 100-299, and ≥ 300 mg per day caffeine intake groups, and distributions were in Hardy-Weinberg equilibrium (P = 0.863, 0.647, and 0.572, respectively). Genotype frequencies were similar to those published previously for a Japanese population (21) .
There was a tendency for smokers to have a high caffeine intake, with 35.5% of smokers consuming ≥ 300 mg of caffeine per day, compared with 11.1% consuming o100 mg of caffeine per day. Women who were classified as smokers during pregnancy had significantly lighter babies than did nonsmokers (2,997 vs. 3,086 g; P = 0.032, data not shown) and had infants with birth weights similar to those of mothers consuming ≥ 300 mg of caffeine per day (2,962 g). When considering alcohol intake, a larger proportion of alcohol drinkers (36.2%) consumed 100-299 mg of caffeine per day compared with those with o100 mg per day caffeine intake (24.4%). However, when alcohol intake was considered a continuous variable among women who drank during pregnancy, the median intake was similar for women in all three caffeine intake groups ( Table 1) .
The individual effects of caffeine intake and CYP1A2 genotype on mean infant birth size were then investigated using linear regression models with adjustment for confounding factors. The individual effect of maternal smoking status during pregnancy on infant birth size was also analyzed. When the effect of caffeine intake alone was analyzed using o100 mg per day consumption as the reference group, there was a nonsignificant decrease in birth weight for caffeine intake of ≥ 300 mg per day. The maternal CYP1A2 genotype alone was not significantly associated with mean infant birth weight. When considering maternal smoking status during pregnancy, infants of smokers had a mean reduction in birth weight of 85 g (95% confidence interval (CI): − 157, − 12) as compared with infants born to nonsmokers after adjustment for confounding factors (Table 2A) . Mean birth length and head circumference, however, were not affected by maternal smoking status during pregnancy (Table 2B,C).
The mothers were then categorized into six subgroups by CYP1A2 genotype and caffeine intake. Linear regression analysis was performed, using women with the CC/CA genotype and o100 mg per day caffeine intake as the reference category. Table 3 shows the results from the main model on infant birth weight. When compared to the reference group, mothers with the AA genotype and caffeine intake of ≥ 300 mg per day had a mean reduction in infant birth weight of 316 g (P = 0.004) in the crude model; however, the mean reduction in infant birth weight was not significant in the adjusted model (P = 0.116). After stratification by smoking status during pregnancy, only nonsmokers with the AA genotype and caffeine intake of ≥ 300 mg per day had infants with decreased infant birth weight (mean decrease, 277 g; P = 0.024). The interaction between the AA genotype and caffeine intake of ≥ 300 mg per day was also significant (P = 0.019). For infant birth length, we found the largest decrease in infant birth length (0.7 cm) for women with the AA genotype and caffeine intake of ≥ 300 mg per day in the nonsmoker group, although it was not significant ( Table 4) .
The results from the main model on infant birth head circumference are presented in Table 5 . Women with genotype AA and caffeine intake ≥ 300 mg per day had a mean reduction in infant birth head circumference of 1.2 cm (P = 0.002) compared to the reference group in the crude model, and a mean reduction in infant birth head circumference of 0.8 cm (P = 0.024) after adjusting for confounding factors. In the nonsmoker group, infants born to women with the AA genotype and caffeine intake of ≥ 300 mg per day showed a decrease in infant birth head circumferences of 1.0 cm in the adjusted model stratified by smoking status during pregnancy (P = 0.027), whereas no CYP1A2 caffeine subgroups showed significant changes in infant birth head circumference in the smoking group.
DISCUSSION
To our knowledge, this is the first study to consider the effects of maternal caffeine intake during pregnancy and the CYP1A2 C164A polymorphism on infant birth size. The results show Articles | Sasaki et al.
that when caffeine intake is considered independently of genetic factors, its consumption during pregnancy does not have a significant effect on mean infant birth size after adjustment for confounding factors. However, when both caffeine intake and the CYP1A2 genotype are considered, there appeared to be a significant effect on infant birth head circumference (P = 0.024). The reductions in infant birth weight and birth length associated with caffeine and the CYP1A2 genotype, however, were eliminated after controlling for smoking and other factors. Previous studies have reported Caffeine intake and CYP1A2 genotype were adjusted for maternal age, pre-pregnancy BMI, education (≤12, ≥ 13), maternal smoking status, alcohol intake during pregnancy, parity (0, ≥ 1), mode of delivery, infant gender, and gestational age. b Smoking status was adjusted for maternal age, pre-pregnancy BMI, education (≤12, ≥ 13), alcohol intake during pregnancy, parity (0, ≥ 1), mode of delivery, infant gender, and gestational age.
Articles | Sasaki et al. Adjusted for maternal age, pre-pregnancy BMI, education (≤12, ≥ 13), maternal smoking status, alcohol intake during pregnancy, parity (0, ≥ 1), mode of delivery, infant gender, and gestational age. b Adjusted for maternal age, pre-pregnancy BMI, education (≤12, ≥ 13), alcohol intake during pregnancy, parity (0, ≥ 1), mode of delivery, infant gender, and gestational age. that small head circumference at birth influenced brain development and that low birth length was associated with behavioral problems during childhood (22, 23 (19) investigated how the association between maternal consumption of high levels of caffeine and the risk for recurrent pregnancy loss is modified by CYP1A2 activity in a case-control study. Recurrent pregnancy loss risk significantly increased among women with the CYP1A2 AA genotype (OR: 1.94, 95% CI: 0.57, 6.66 for 100-299 mg per day; OR: 5.23, 95% CI: 11.05, 25.9 for 4300 mg per day; P = 0.03). However, no associations were observed between recurrent pregnancy loss and the CYP1A2 AC/CC genotypes (19) . These findings suggest that there may be adverse effects of the caffeine metabolite paraxanthine, rather than of caffeine itself.
A previous study found that paraxanthine concentrations are higher in women who have SAs than in the controls, and that the highest levels of paraxanthine had an increased risk for SA (OR: 1.9, 95% CI: 1.2, 2.8); however, the study reported no associations between SA and caffeine concentrations (24) . For fetal growth, high concentrations of paraxanthine are associated with increased risk of IUGR (OR: 3.29, 95% CI: 1.17, 9.22), and the ratio of paraxanthine to caffeine, which is a marker of CYP1A2 enzymatic activity, is also associated with an increased risk of IUGR (OR: 1.21, 95% CI: 1.07, 1.37), whereas higher levels of caffeine are associated with a decreased risk of IUGR (25) .
Recent experimental studies in animal models have indicated that prenatal caffeine exposure is associated with developmental toxicities (26) . Prenatal caffeine ingestion increases maternal glucocorticoid (GC) levels and inhibits the expression of placental 11β-hydroxysteroid dehydrogenase-2, an enzyme that prevents fetal exposure to excessive maternal GC. Upon exposure to high levels of maternal GC, the expression of 11β-HSD-1 and GC receptor in the fetal hippocampus is enhanced, and then the functional development of the fetal hypothalamic-pituitary-adrenal (HPA) axis Table 5 . Combined association of maternal caffeine intake during pregnancy and maternal CYP1A2 genotype with infant birth head circumference by maternal smoking status is inhibited through negative feedback regulation. The hippocampus is the primary negative feedback regulatory center of the HPA axis (27) . In addition, caffeine can enter the fetus and directly inhibit 11β-HSD2 expression in the hippocampus. The reduced 11β-hydroxysteroid dehydrogenase-2 expression can promote the expression of 11β-HSD-1 and the GC receptor in the fetal hippocampus, which also inhibit the activity of the fetal HPA axis as a crucial switch for development in many organs, including the pituitary and the brain (28) . It has been suggested that these changes are linked to impaired placental and fetal growth, such as decreased fetal body and brain weight (29) . Paraxanthine also decreases placental 11β-hydroxysteroid dehydrogenase-2 expression and activity in cultured human trophoblast cells (30) . It is possible that paraxanthine may have a greater impact than caffeine on growth and development in fetuses. The question why adverse effects are more pronounced in nonsmokers with the AA genotype is of particular interest. Rodenburg et al. (31) examined the modifying effects of gender, age, smoking status, and CYP1A2 genotype on caffeine intake and showed that smoking status and gender were responsible for the largest differences in caffeine intake: men who smoked metabolized caffeine more rapidly, and the genetic effect explained only a portion of this effect. A previous study in a Turkish population also found that smoking status and gender explained most of the variation in the metabolite ratio of caffeine after coffee intake (24 and 10%, respectively), whereas genotype explained o1% (32). Thus, the lack of a significant association between caffeine intake, genotype, and birth measures among smokers in our study may be due to the stronger influence of smoking than of the CYP1A2 genotype on caffeine metabolism.
Two strengths of the present study are that possible recall bias due to retrospective data collection has been eliminated and that caffeine intake was assessed using a format fitted to the dietary habits of the study population. First, because women in this study assessed their average caffeine intake prospectively at enrollment, before birth outcomes were known, there was no possibility for women with reduced birth size infants to overestimate their caffeine consumption, or for women with heavier or healthier babies to underestimate intake. Second, a questionnaire based on a survey by Nagata et al. (33) was used to accurately assess caffeine consumption. However, although subjects chose from nine possible responses for frequency of caffeine intake, information on exact portion size and preparation method was not obtained. To ensure more accurate caffeine estimations, several classifications for canned coffee, instant coffee, and several subcategories for tea, as well as standard size notations for each category, were added for this study.
It has been suggested that the CYP1A2 activity may differ between ethnicities. Denden et al. (34) conducted a metaanalysis to assess an association between the CYP1A2 rs762551 polymorphism and caffeine consumption. Although Asians showed a significantly increased coffee intake compared to Caucasians, significant relationship between the AA genotype and coffee intake was found only in Caucasian ethnicity, not in Asians. Schliep et al. (35) investigated whether caffeine intake was associated with reproductive hormone levels and its effect was modified by race. They reported that caffeine intake ≥ 200 mg per day was associated with reduced free estradiol (E2) levels among Caucasian women and elevated E2 levels among Asian women; however, these differences by race may be due to limited numbers of Asians with high exposure. Although a significant effect of caffeine on birth size modified by maternal gene polymorphisms was found, further study with a larger population may help support the results of this study, as our study sample consisted of a relatively small number of women who consumed high levels of caffeine and who smoked during pregnancy. Moreover, interpretation of our results is limited by the following points: the average maternal age of 1,796 candidate women was 29.7 ± 4.9 years and it was lower than that of 476 women. It is possible that women who took an interest in our study would have participated more frequently and this may limit generalizability of the enrolled study population, as the possibility of selection bias exists; levels of caffeine in urine or serum were not measured in this study. However, a recent study determined that reported caffeine intake estimates were strongly correlated with urinary and cord blood biomarkers throughout pregnancy, suggesting that self-reported caffeine intake is a satisfactory estimate of actual caffeine intake (36); the analyses may have been affected by possible uncontrolled or inadequately controlled confounding variables. Other limitations of this study are that nausea, thought to affect caffeine-seeking behavior and indicate overall health of the pregnancy (37), was not controlled for in the model. In addition, separate measures of caffeine intake during all three trimesters of pregnancy would serve to clarify both changes in caffeine-seeking behavior, as well as determine a critical window for adverse effects. Further research is needed to determine the adverse effects of paraxanthine on reproductive outcomes in both experimental and epidemiological studies.
In conclusion, after consideration of the CYP1A2 C164A genotype, nonsmokers who are fast metabolizers of caffeine and who consume ≥ 300 mg of caffeine per day have an increased risk of having infants with decreased birth weight and birth head circumference. The absence of these associations among smokers may be due to the stronger influence of smoking compared to CYP1A2 phenotypic effects on caffeine metabolism.
METHODS
Study Participants
From July 2002 to October 2005, women who were residents of Sapporo and surrounding areas were asked to participate in a prospective cohort study (the Hokkaido Study on Environment and Children's Health), which aimed to investigate whether environmental factors combined with genetic predisposition contribute to numerous adverse developments and health effects during childhood, as described previously (38) and this work was a part of the study. Participants were native Japanese women who enrolled at 23-35 weeks of gestation during a routine obstetric visit and delivered at Sapporo Toho Hospital.
A total of 1,796 pregnant women were invited to take part in the study. Of these women, 22% were excluded because they had decided to enroll in the Japanese cord blood bank and 3% were excluded because they delivered their baby at another hospital. Finally, 514 women agreed to participate (participation rate of 28.6%). Among these 514 women, 10 dropped out due to stillbirth, relocation, or voluntary withdrawal from the study before follow-up. Another 7 women with multiple pregnancies were excluded from analysis, 13 women were excluded due to pregnancy complications or illness (11 for pregnancy-induced hypertension, 1 for diabetes, and 1 for fetal heart failure), and blood samples could not be collected for 8 women; thus, there were finally 476 mother-child pairs for final analysis.
Data Collection
A self-administered questionnaire was used to collect relevant information at enrollment (weeks 23-35 of pregnancy). Information relating to smoking status, alcohol consumption, caffeine intake during pregnancy, annual household income, and education was included in the questionnaire. Information drawn from maternal and infant medical records included details of pregnancy complications, maternal age, maternal pre-pregnancy body mass index, parity, infant gender, gestational age, and infant birth size. A 40-ml blood sample was drawn from the peripheral vein of the mother. All samples were stored at − 80°C until analysis.
Caffeine intake during pregnancy was estimated using a modified version of the self-administered questionnaire used by Nagata et al. (33) and described in detail by Washino et al. (39) . Average daily caffeine intake during pregnancy was estimated in milligrams of caffeine per day. The questionnaire included categories on beverages popular in Japan, including instant coffee (60 mg of caffeine per cup); regular coffee (50 mg per cup); decaffeinated coffee (0 mg per cup); canned coffee (50 mg per cup); black tea (60 mg per cup); oolong tea (30 mg per cup); powdered green tea (200 mg per cup); gyokuro (high-quality green tea, 100 mg per cup); other tea varieties including natural leaf teas, coarse green tea, brown rice tea, and roasted green tea (30 mg per cup); cocoa (5 mg per cup); cola (60 mg per glass); and caffeinated energy drinks (50 mg per bottle). The frequency of intake was divided into five categories: rarely/never, once or twice per month, once or twice per week, three to four times per week, or every day. The amount consumed per occasion was divided into four categories by cups (or glasses or bottles): one cup or less, two cups, three cups, or four or more cups. Average caffeine intake per day during pregnancy was calculated as the caffeine content per beverage multiplied by the amount consumed per occasion multiplied by the frequency of intake per day. In this study, caffeine exposure was categorized as o100, 100-299, and ≥ 300 mg per day (19, 40) .
In this study, nonsmokers were defined as women who never smoked during pregnancy or those who quit during the first trimester, and smokers were defined as those who smoked throughout pregnancy or quit after the first trimester, based on self-reporting. Smoking status was classified in this manner because the mean birth weight of infants born to women who quit smoking during the first trimester was 3,123 g, similar to the mean birth weight of infants born to women who never smoked (3,060 g). Because infant mean birth weight decreased to 2,922 and 2,911 g when women quit smoking during the second and third trimester, respectively, these women were grouped with women who smoked throughout pregnancy. This agrees with previous findings that quitting smoking early in pregnancy does not greatly affect infant birth size (41) .
Genotyping Analyses CYP1A2 (C164A, rs762551) polymorphisms were determined by real-time PCR, using minor groove binder probes. DNA amplification was carried out in batches in a 96-well MicroAmp reaction plate on a Gene Amp 9700 thermal cycler (Applied Biosystems, Foster City, CA). The validated TaqMan probes were prepared and each of the reporters was quenched by excess minor groove binder. PCR was performed, and fluorescence of the products was measured using a 7300/7500 Real-Time PCR system (Applied Biosystems) (42, 43) . This resulted in the clear identification of the CC, CA, and AA genotypes of CYP1A2. A CYP1A2 genotype of CC or CA indicated a slow metabolizer phenotype, and AA indicated a high inducible phenotype. These two phenotypes were used for statistical analyses.
Statistical Analyses
Maternal and infant characteristics were analyzed in relation to categories of maternal caffeine intake using the χ 2 -test for categorical variables and analysis of variance or the Kruskal-Wallis test for continuous variables. The individual effect of maternal caffeine intake on infant birth size and that of the CYP1A2 genotype (CC/CA vs. AA) on infant birth size were considered in separate regression models, with adjustment for maternal age, maternal pre-pregnancy body mass index (kg/m 2 ), maternal education level (≤12 vs. ≥ 13 years), maternal smoking status during pregnancy (smoker vs. nonsmoker), maternal alcohol intake during pregnancy (g per day), parity (0, defined as though the woman had no previous viable pregnancies vs. ≥ 1), mode of delivery (vaginal vs. cesarean section), infant gender, and gestational age (weeks). Because none of the women reported caffeine intake of 0 mg per day, the o100 mg per day intake group was used as the reference group for analysis. In addition, the individual effect of smoking on birth size was analyzed because of its known impact on fetal growth (41, 44) . The main linear regression model included mean infant birth size as the dependent variable, caffeine intake as a categorical variable, the CYP1A2 genotype (CC/CA vs. AA), and the CYP1A2 and caffeine geneenvironment interaction variable (the product term of maternal caffeine intake and CYP1A2 genotype) adjusted by the confounders listed above. To further assess the confounding effects of smoking, the regression analysis was stratified by maternal smoking status. Pregnant women at 23-35 weeks of gestation were asked to participate in our prospective cohort study and most women completed a self-administered questionnaire in the third trimester. They were asked about their daily alcohol and caffeine intake throughout pregnancy, and their answers might be an average consumption of all three trimesters of pregnancy. Smoking status was asked about in each trimester and smokers were defined as women who smoked throughout pregnancy or quit after the first trimester as described above. So the timing of smoking exposure was after the second trimester. Intermediate variable is a consequence of exposure and it lies on the causal pathway between exposure and outcome. The onset of exposure leads to changes in the intermediate variable that occur prior to the onset of outcome (45) . In our study, exposure and outcome were caffeine intake and birth size, respectively. As alcohol and tobacco smoke exposure might occur prior to caffeine exposure, and they were associated with both exposure and outcome, both alcohol intake and smoking status were used as confounders in our study. Hardy-Weinberg equilibrium analyses were performed to compare observed and expected genotype frequencies using the χ 2 -test. All P values were two-sided, and statistical significance was defined as Po0.05. All statistical analyses were performed using SPSS for Windows, version 20.0J (SPSS, Chicago, IL).
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